The storage of sperm in mated females is important for efficient reproduction. After sperm are transferred to females during mating, they need to reach and enter into the site(s) of storage, be maintained viably within storage, and ultimately be released from storage to fertilize eggs. Perturbation of these events can have drastic consequences on fertility. In Drosophila melanogaster, females store sperm for up to 2 weeks after a single mating. For sperm to be released normally from storage, Drosophila females need to receive the seminal fluid protein (SFP) sex peptide (SP) during mating. SP, which binds to sperm in storage, signals through the sex peptide receptor (SPR) to elicit two other effects on mated females: the persistence of egg laying and a reduction in sexual receptivity. However, it is not known whether SPR is also needed to mediate SP's effect on sperm release. By phenotypic analysis of flies deleted for SPR, and of flies knocked down for SPR, ubiquitously or in specific tissues, we show that SPR is required to mediate SP's effects on sperm release from storage. We show that SPR expression in ppk + neurons is needed for proper sperm release; these neurons include those that mediate SP's effect on receptivity and egg laying. However, we find that SPR is also needed in the spermathecal secretory cells of the female reproductive tract for efficient sperm release. Thus, SPR expression is necessary in both the nervous system and in female reproductive tract cells to mediate the release of stored sperm.
Introduction
A common misconception is that reproduction is a process involving only sperm and eggs. In reality, numerous moleculesboth male and female-derived-are involved before and after fertilization to ensure successful reproduction. A major reproductive process requiring both male-and female-derived components is the storage of sperm by mated females. Female sperm storage is an integral step in the fertility of a number of animals, from insects to mammals (Orr and Zuk, 2012) . Male-derived seminal fluid proteins (SFPs) are transferred to females with sperm during mating and are important for sperm storage to occur normally (Avila and Wolfner, 2009; Dean, 2013; Gwathmey et al., 2006; Rogers et al., 2009) . In addition to their roles in sperm storage, SFPs also contribute to a variety of reproductive processes in mated females. For example, SFPs induce a series of behavioral and physiological changes in mated female insects that include increasing ovulation and egg laying rates and reducing sexual receptivity (reviewed in Avila et al., 2011; Gillott, 2003; Poiani, 2006) . In Drosophila, these post-mating changes are collectively referred to as the female post-mating response.
Drosophila melanogaster females store sperm in two types of specialized organs-the seminal receptacle and the spermathecae. SFPs have been identified that regulate several aspects of sperm storage in this species. For example, SFPs are required for sperm to enter into storage (Avila and Wolfner, 2009; Bloch Qazi and Wolfner, 2003; Neubaum and Wolfner, 1999) , for sperm maintenance within storage (Wong et al., 2008) , and for sperm to be properly released from storage (Avila et al., 2010; Wolfner, 2007, 2009 ). Storage of sperm by mated females also has another significant effect in this species: sperm storage is required for the persistence of female post-mating responses long-term (e.g. reducing sexual receptivity and prolonged egg laying; Liu and Kubli, 2003; Peng et al., 2005) . The requirement of sperm storage to prolong the female post-mating response is due to the association of sperm with the SFP sex peptide (SP; Peng et al., 2005) . SP is transferred to females, and is detectable in the female's hemolymph (short term) (Pilpel et al., 2008) and in her reproductive tract (Peng et al., 2005 with a long-term source of this SFP (Peng et al., 2005) . In storage, the active region of sperm-bound SP is gradually cleaved from sperm, presumably freeing it to induce its long-term effects of the post-mating response (Peng et al., 2005) .
SP is required for the release of sperm from storage. Females that do not receive SP during mating fail to release sperm efficiently (Avila et al., 2010) . SP also triggers a number of additional post-mating responses in D. melanogaster females (Gioti et al., 2012) . Receiving SP reduces female receptivity and sustains longterm egg laying (Chapman et al., 2003; Liu and Kubli, 2003) , increases female feeding (Carvalho et al., 2006) , decreases the rate of intestinal transit (Apger-McGlaughon and Wolfner, 2013; Cognigni et al., 2011) and decreases 'siesta' sleep .
How SP effects sperm release from storage is not known. In contrast, SP's effects on increased egg laying and reduced receptivity have been shown to require the sex peptide receptor (SPR), a Gprotein coupled receptor (Yapici et al., 2008) that is highly expressed in the nervous system and in tissues of the female reproductive tract (Prokupek et al., 2010 (Prokupek et al., , 2009 Yapici et al., 2008) . Knockdown of SPR solely in the nervous system results in a failure to mediate SP's effects on egg laying and receptivity (Yapici et al., 2008) . Within the nervous system, SPR is only required in a few female reproductive tract neurons that co-express the markers fruitless, pickpocket, and doublesex in order to induce these postmating responses (Hasemeyer et al., 2009; Rezaval et al., 2012; Yang et al., 2009 ). However, the involvement of SPR in mediating SP's effects on the release of sperm from storage, and where it does so, is unknown.
Here, we report that SPR mediates SP's effect on sperm release from storage. Using a deletion of the SPR locus, as well as ubiquitous and localized RNAi to knock down SPR expression, we found that SPR is required for efficient release of sperm from storage. SPR null females and global knockdown of SPR resulted in the retention of sperm in storage at 4 d post-mating, similar to what is seen in females that do not receive SP during mating (Avila et al., 2010) . Additionally, removal of SPR from the nervous system or from the spermathecal secretory cells each affected sperm release independently. Our results suggest that SP signals though SPR to prompt sperm release from storage and that SPR expression in ppk + neurons and the spermathecal secretory cells is important to mediate this effect.
Materials and methods

Flies
The Df(1)Exel6234/FM7 line (Parks et al., 2004 ) was used to collect homozygous Df(1)Exel6234 (''DSPR'') females and their heterozygous control sibs (Bloomington Drosophila Stock Center (BDSC) #7708). The UAS/GAL4 system (Brand and Perrimon, 1993) was used to drive RNAi-mediated knockdown of SPR. UAS-SPR dsRNA/CyO (Vienna Drosophila RNAi Center (VDRC) #106804) and, where noted, UAS-antares dsRNA flies (VDRC #100513; Findlay et al., 2014) were crossed to the specified driver strain to generate knockdown females. tubulin-GAL4/TM3 (BDSC #5138) drives ubiquitous expression; elav-GAL4 (BDSC #8760) drives expression in the nervous system (Soller and White, 2004) ; ppk-GAL4 (kind gift of Drs. Lily and Yuh Nung Yan, University of California San Francisco) drives expression in a subset of reproductive tract neurons that mediate SP's effect on receptivity and egg laying (Hasemeyer et al., 2009; Yang et al., 2009 ); send1-GAL4 (kind gift of Dr. Mark Siegal, New York University) drives expression in the spermathecal secretory cells (Schnakenberg et al., 2011) ; OAMB-GAL4 (kind gift of Dr. Kyung-An Han, University of Texas El Paso) drives expression in the common oviduct (Lee et al., 2003) . We recombined the send1-GAL4 and OAMB-GAL4 drivers onto the same chromosome (''send1, OAMB-GAL4''). Control flies were generated by crossing each driver to the attP2 line (VDRC #60100). Knockdown and control females were mated to wild-type, Canton S males. Flies were raised at 23°C on standard yeast-glucose media and a 12:12 LD cycle and aged 3-5 d before use in each experiment.
Sperm counts
Virgin experimental and control females were individually mated to males. Matings were observed, and males were removed after mating ended. Mated females were flash frozen in liquid nitrogen at 2 h, 4 d, and, where noted, 10 d after mating. Sperm were stained as in Bloch Qazi and Hogdal (2010) . In brief, reproductive tracts were dissected in 50% acetic acid and stained with 2% orcein in 50% acetic acid. Sperm in the seminal receptacle were counted under 1000Â magnification using a Zeiss 47 30 11-9901 stereo microscope. To avoid bias, we blind-coded samples before counting sperm. We had a repeatability of >93% for each experiment, based on duplicate counts of a subset of samples. Counts were analyzed using Wilcoxon tests in JMP software (JMP 9.02).
RT-PCR
Where possible, we verified knockdown of SPR. We extracted RNA from $20 whole flies (to test tub-GAL4) or dissected $25 lower reproductive tracts (send1, OAMB-GAL4), lower reproductive tracts minus the spermathecae (OAMB-GAL4) or lower reproductive tracts minus the common oviduct (send1-GAL4) from experimental and the control groups using TRIzol Ò reagent (Invitrogen). Isolated RNA was treated with RQ1 DNase (Promega) to degrade any possible contaminating DNA in the samples. cDNA from 1 lg of RNA was synthesized using the SMARTScribe Reverse Transcriptase (Clontech). PCR was run for 35 cycles using SPR primers (SPR-5 0 : TGA TTG TGC TCG TTT TGA GC; SPR-3 0 : AAT GTA ATC GTG CAC CCA CA) to amplify cDNA derived from SPR transcripts. Actin5C primers (Actin 5 0 : AGC GCG GTT ACT CTT TCA CCA C; Actin 3 0 : GTG GCC ATC TCC TGC TCA AAG T) were used in parallel to serve as the loading control. PCR products were run on a 1% agarose gel and visualized using ethidium bromide; that SPR was amplified in the RT-PCRs as expected was confirmed by direct sequencing of the RT-PCR product, by the Cornell Bioresource Center. The levels of knockdown achieved for the genotypes tested are shown in Fig. S1 .
Results and discussion
3.1. The role of SPR in mediating SP's regulation of sperm release from storage 3.1.1. SPR regulates sperm release from storage SP is required for the efficient release of sperm from the female storage organs. Excess retention of sperm is apparent by 4 d after the start of mating (ASM) in females that do not receive SP during mating (Avila et al., 2010) . While both types of sperm storage organ showed excess sperm retention at 4 d after mating to an SP-less male, the magnitude of the effect is much larger in the seminal receptacle, and by 10 d after such a mating, significant over-retention of sperm is only seen in the seminal receptacle (Avila et al., 2010) . Preventing release of SP from sperm also impaired sperm release from the seminal receptacle, suggesting that liberation of SP's C-terminus from sperm signals the female to release stored sperm (Avila et al., 2010) . Because the G protein-coupled receptor, SPR, is required for SP to mediate its effects on receptivity and egg laying (Yapici et al., 2008) , we asked if SPR mediates SP's activity in regulating the long-term release and utilization of stored sperm.
To determine whether SPR plays a role in the release of sperm from storage, we first tested the sperm storage/release phenotypes of females homozygous for a deletion of the SPR locus (DSPR; Parks et al., 2004) . Because SP's effect on sperm release was most evident in the seminal receptacle (Avila et al., 2010) , we focused our experiments on this storage organ. We compared the total number of sperm stored in the seminal receptacles of DSPR and control females at two time points post-mating: 2 h and 4 d. These time points were chosen as they accurately assess both sperm entry into (2 h) and release from (4 d) the seminal receptacle: mutants that perturb sperm entry into or release from storage show phenotypes at these time points, respectively (entry: Bloch Qazi and Wolfner, 2003; release: Avila et al., 2012 release: Avila et al., , 2010 .
Absence of SPR did not affect the entry of sperm into storage: DSPR and control females stored similar numbers of sperm at 2 h ASM ( Fig. 1A ; N cont = 13, N DSPR = 12, Z = 0.571, p = 0.55). However, DSPR females retained significantly more sperm in storage than controls at 4 d ASM ( Fig. 1A ; N cont = 14, N DSPR = 13, Z = À3.664, p = 0.0002). These results, which parallel those reported for mates of SP-null males (Avila et al., 2010) , show that SPR is required for the release of stored sperm from the seminal receptacle.
SPR is expressed in multiple female tissues, and DSPR females lack the protein in all tissues. To determine where SPR expression is required for sperm release from storage, we needed to selectively remove SPR from particular tissues. This could be accomplished by tissue-specific RNAi-mediated knockdown of SPR. Prior to beginning these experiments, we demonstrated that ubiquitous knockdown of SPR (using the tub-GAL4 driver) recapitulated the results using the SPR deletion: tub > SPR RNAi and control females stored similar numbers of sperm at 2 h ASM ( Fig. 1B ; N cont = 16, N Tub = 15, Z = 0.751, p = 0.4525) but retained significantly more sperm at 4 d ASM compared to control females ( Fig. 1B ; N cont = 21, N Tub = 22, Z = À3.827, p = 0.0001). Sperm retention in storage was not due simply to induction of a dsRNA or usage of the RNAi machinery: females in which we used tub-GAL4 to drive dsRNA for a control gene (the male-specific SFP antares; Findlay et al., 2014) showed normal sperm entry and release (Fig. S2) . Taken together our results indicate that in addition to its roles in other SP-induced post-mating behaviors, SPR is required to mediate SP's effect on sperm release.
SPR action in the nervous system regulates sperm release from storage
Our results with a deletion of the SPR locus and with ubiquitous SPR knockdown showed that SPR is required in females for proper sperm release from storage, but did not reveal the site where SPR is necessary for this effect. SPR is expressed in the nervous system and tissues of the female reproductive tract (Prokupek et al., 2009; Yapici et al., 2008) . To determine whether SPR is required in the nervous system, the female reproductive tract, or both to regulate sperm release, we assessed the effect of removing SPR from nervous system tissues or from two tissues of the female reproductive tract (the common oviduct and spermathecal secretory cells) that have high levels of SPR expression (Yapici et al., 2008) . SPR expression is also reported in the seminal receptacle (Prokupek et al., 2009 ) but as no GAL4 driver is currently available to target this tissue, we were unable to address its expression there.
To examine whether neural expression of SPR regulates sperm release from storage we used the elav-GAL4 driver (Soller and White, 2004) to induce RNAi knockdown of SPR throughout the nervous system. elav > SPR RNAi females contained equivalent amounts of stored sperm compared with control females at 2 h ASM ( Fig. 2A ; N cont = 23, N elav = 16, Z = À0.086, p = 0.93). At 4 d ASM a slight, but non-significant increase in the retention of sperm was observed ( Fig. 2A ; N cont = 22, N elav = 18, Z = 1.930, p = 0.053).
To test whether the trend seen at 4 d reflected the beginning of a detectable effect on sperm release, we examined sperm in storage at a much later time point: 10 d ASM. At this time, few sperm typically remain in the seminal receptacle unless females do not receive SP during mating (Avila et al., 2010) . We found that at this late time point, elav > SPR RNAi females retained significantly more sperm than did control females ( Fig. S3 ; N cont = 13, N elav = 14, Z = À1.991, p = 0.0465). These results indicate that removal of SPR from the nervous system affects sperm release from the seminal receptacle. SP's effect on post-mating levels of receptivity and egg laying requires SPR in a subset of female reproductive tract sensory neurons that co-express the sodium channel pickpocket (ppk) and the sex-specific transcript fruitless (fru) (Hasemeyer et al., 2009; Yang et al., 2009; Yapici et al., 2008) . We used the ppk-GAL4 driver to target SPR knockdown to ppk-neurons neurons; the neurons in which this driver is expressed include the overlapping ppk + fru + neurons of the female reproductive tract. Knocking down SPR with the ppk-GAL4 driver recapitulates the receptivity and egg laying defects observed when SPR is knocked down ubiquitously (Hasemeyer et al., 2009; Yang et al., 2009) . At 2 h ASM, ppk > SPR RNAi and control females stored equal amounts of sperm ( Fig. 2B ; N cont = 17, N ppk = 16, Z = 0.00, p = 1.0) indicating no need for SPR in these neurons for sperm entry into storage. However, knocking down SPR in ppk + neurons led to a sperm retention defect evident at 4 d ASM; ppk > SPR RNAi females retained significantly more sperm in storage than control females at this time ( Fig. 2B ; N cont = 24, N ppk = 15, Z = À3.551, p = 0.0004). Because the sperm retention defect was more severe than retention in elav > SPR RNAi females, we examined sperm in storage at 10 d ASM in ppk > SPR RNAi as well as tub > SPR RNAi females (as a control) to determine the severity of sperm retention in these backgrounds. At 10 d ASM, ppk > SPR RNAi females had retained significantly more sperm than control females ( Fig. S3 ; N cont = 21, N ppk = 18, Z = 3.367, p = 0.0007) although this effect was not as severe as that seen in tub > SPR RNAi females ( Fig. S3 ; N cont = 21, N Tub = 22, Z = À4.143, p < 0.001). It is possible that the ppk-GAL4 driver is more efficient Fig. 1 . SPR is required to mediate SP's effect on sperm release from storage. Total sperm stored (mean ± standard error) in the seminal receptacles of control females or females homozygous for an SPR deletion (DSPR) (A), or females in whom SPR was knocked down using the ubiquitous driver tubulin-GAL4 (B) at 2 h and 4 d ASM.
Statistical significance denoted by asterisks ( ⁄ p < 0.05; ⁄⁄ p < 0.005; ⁄⁄⁄ p < 0.0005). N = 12-22 for each time point and genotype, see Section 3.
in inducing RNAi knockdown than the elav-GAL4 driver. Alternatively, the differing genetic backgrounds might contribute to the observed differences in sperm retention. However, these results show that SPR expression in the nervous system, and specifically in ppk + neurons, is required to effect sperm release from storage.
3.1.3. SPR action in spermathecae secretory cells also regulates sperm release from storage While knockdown of SPR in ppk + neurons led to significant retention of sperm in storage (Fig. 2B) , the magnitude of this phenotype was less severe than that seen when SPR was knocked down ubiquitously (Fig. 1B) . In addition to its nervous system expression, SPR expression has been reported in the secretory cells of the spermathecae and in the common oviduct of the female reproductive tract (Yapici et al., 2008) . Because of these existing sources of SPR in close proximity to stored sperm, we asked whether SPR expression in these tissues (individually or combined) contributes to the regulation of sperm release. To test this possibility, we used GAL4 drivers specific to the common oviduct (OAMB-GAL4; Lee et al., 2003) and the spermathecal secretory cells (send1-GAL4; Schnakenberg et al., 2011) to knock down SPR in these tissues. We also combined these drivers into a single fly line to induce RNAi knockdown in both tissues simultaneously (''send1, OAMB-GAL4''). Knockdown of SPR in the common oviduct alone did not affect sperm entry into or release from storage as both OAMB > SPR RNAi and control females had similar levels of sperm in the seminal receptacle at 2 h ( Fig. 3A ; N cont = 14, N OAMB = 15, Z = 0.196, p = 0.84) and 4 d ASM ( Fig. 3A ; N cont = 17, N OAMB = 18, Z = À0.149, p = 0.88). However, knockdown of SPR in the spermathecal secretory cells affected sperm release from (but not entry into) storage. While both send1 > SPR RNAi and control females stored similar levels of sperm at 2 h ASM ( Fig. 3B ; N cont = 15, N send1 = 14, Z = À0.327, p = 0.74), send1 > SPR RNAi females retained significantly more sperm in their seminal receptacles by 4 d ASM ( Fig. 3B ; N cont = 16, N send1 = 17, Z = À2.739, p = 0.0062). Consistent with our finding that knockdown of SPR in the oviduct did not affect sperm release from storage, no differences in sperm levels were observed between send1, OAMB > SPR RNAi and control females at 2 h ASM ( Fig. 3C ; N cont = 13, N OAMB,send1 = 14, Z = À0.243, p = 0.81). By 4 d ASM however, send1, OAMB > SPR RNAi females had retained significantly more sperm when compared to control females ( Fig. 3C ; N cont = 17, N send1,OAMB = 15, Z = 2.511, p = 0.012). Taken together, our data show that SPR plays a role in the spermathecal secretory cells, but not in the common oviduct, in regulating sperm release from storage.
Conclusions
How sperm are stored and released from storage is not well understood in any insect. Here, we identify a critical female molecule for this process: the G-protein coupled receptor SPR. We found that SPR action in ppk + neurons and in the spermathecal secretory cells is required to regulate sperm release from storage. SPR has several ligands (Kim et al., 2010; Poels et al., 2010) , not all of which have apparent reproductive roles (Oh et al., 2014) . Previously we showed that a particular SPR ligand, the male-derived seminal peptide SP, is essential for release of sperm from storage (Avila et al., 2010) . The qualitative and quantitative parallels between the results of the present study of SPR and those of Avila et al. (2010) on SP strongly support that SPR is triggered by SP for this reproductive process. SP's effect on sperm release requires that Fig. 2 . SPR is required in the nervous system to mediate SP's effect on sperm release from storage. Total sperm stored (mean ± standard error) in the seminal receptacles of control females or females where SPR was knocked down in the nervous system using the neuronal driver elav-GAL4 (A), or the ppk + neuronal driver ppk-GAL4 (B) at 2 h or 4 d ASM. Statistical significance denoted by asterisks ( ⁄ p < 0.05; ⁄⁄ p < 0.005; ⁄⁄⁄ p < 0.0005). N = 15-24 for each time point and genotype, see Section 3. Fig. 3 . SPR is required in the spermathecal secretory cells to mediate SP's effect on sperm release from storage. Total sperm stored (mean ± standard error) in the seminal receptacles of control females or females where SPR was knocked down using the common oviduct driver OAMB-GAL4 (A), the spermathecal secretory cell driver send1-GAL4 (B), and both the send1 and OAMB-GAL4 drivers (C) at 2 h or 4 d ASM. Statistical significance denoted by asterisks ( ⁄ p < 0.05; ⁄⁄ p < 0.005; ⁄⁄⁄ p < 0.0005). N = 13-18 for each time point and genotype, see Section 3. the active region of sperm-bound SP is cleaved from sperm (Avila et al., 2010) . The liberated active region of SP could interact with SPR directly within the sperm storage organs or perhaps could leave the reproductive tract and bind nervous system SPR to moderate sperm release.
SPR is expressed in many adult tissues (Prokupek et al., 2009; Yapici et al., 2008) . We showed here that SPR is needed in at least two of these tissues to mediate SP's effect on sperm release. The nervous system role that we discovered for SPR in sperm storage is in keeping with previous studies that pointed to a role of the female nervous system in sperm-related processes such as sperm competition (Chow et al., 2013) and sperm storage events in Drosophila (Arthur et al., 1998; Avila et al., 2012) and sperm storage in Tribolium (Qazi et al., 1998) . A role for SPR expression in the spermathecal secretory cells could not be predicted from prior studies and is the first demonstration of a reproductive function for SPR outside the nervous system. Spermathecal secretory cells synthesize potentially secreted proteins (Allen and Spradling, 2008; Prokupek et al., 2009 ) that are important for sperm storage (Schnakenberg et al., 2011) as well as for egg laying and ovulation (Schnakenberg et al., 2011; Sun and Spradling, 2013) . Our finding that SPR is needed in these cells for proper rates of sperm release raises the intriguing possibility that SP/SPR signaling in these cells might participate in coordinating sperm release rates with other reproductive phenomena, such as the SP/SPR-mediated increase in egg production and egg release.
